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A B S T R A C T
This thesis is titled  ’’C O N C E PT U A L  M ODELS O F FLO W  IN FR A C T U R E S” . 
This thesis study has two parts. In the first p art, some conceptual models of fluid 
flow in fractures will be developed. These models will be used to  analyze fluid flow 
in th e  near field region of nuclear waste canisters em placed in fractured  rock. F luid 
near the canister will evaporate and move into the fractures where it condenses on 
the walls of the  fracture. It is then  absorbed by the  m atrix  due to the capillary 
suction. Then, due to  the  capillary force, the liquid moves tow ards the heat source. 
A region of liquid vapor flow is form ed which is called the  heat pipe region. The heat 
pipe phenom enon will be analyzed for different m odels of fractures. The capillary 
pressure function and relative perm eability  function which are functions of the liquid 
sa tu ra tion  will be developed. In the  second part of the  study, the  functions developed 
from the  conceptual m odel of the  frac tu re  will be incorporated  in to  the TO U G H  code 
and the  near field exam ined. T O U G H  is a  m ulti-dim ensional, num erical m odel for 
sim ulating the  coupled tran sp o rt of w ater, vapor, air and heat in porous and fractured  
m edia.
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Chapter 1
INTRODUCTION
Groundwater and contaminant transport processes in unsaturated porous media are 
receiving increased importance in recent years. This is primarily because of the possibility of 
the disposal of high level radioactive waste in such media. The U.S. Department of Energy 
is investigating the feasibility of constructing and operating a high level nuclear waste 
repository in the unsaturated zone of Yucca Mountain, Nevada. The proposed repository is 
approximately 300 meters below the ground level and 150 meters above the water table in 
the Topopah Springs unit of the Yucca Mountain. Flow in the unsaturated zone is also of 
interest because monitoring constituents in the unsaturated zone can provide information 
about the potential movement of the contaminants in the deeper, less accessible saturated 
zones Evans & Nicholson. (1987). Flow in fractured unsaturated porous media is of primary 
importance because most of the groundwater flow occurs in the fractures. The Topopah 
Springs unit in which the proposed repository is to be located, as well as most of the adjacent 
units consist primarily of fractured, tuffaceous rock. Since it is the flow of groundwater that 
decides the behavior of the nuclear waste, it is of primary importance that water movement
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around and in the repository be studied. For this, we need to have a thorough understanding 
of the fracture matrix interaction. In fractured flow,the study of multiphase flow is receiving 
importance. The study of multiphase flow is of importance for studying the interaction of 
the nuclear waste with the groundwater. Multiphase fluid processes also play an important 
role in the recovery of petroleum from naturally fractured reservoirs through water flooding.
This thesis project examines thermally driven fluid flow in the fractured porous 
media around high level nuclear waste packages emplaced in Yucca Mountain. In this 
study, geometric models of fractures will be examined. The capillary pressure function as 
a function of liquid saturation and the relative permeability function will be derived for 
each of these models. These functions will then be incorporated in the computer code 
TOUGH and the flow field will be analyzed. The acronym ’TOUGH’ stands for ’’transport 
of unsaturated groundwater and heat” . TOUGH is a multi-dimensional numerical model 
for simulating the coupled transport of water, vapor, air and heat in porous and fractured 
media. The equations used by the TOUGH simulator are given in APPENDIX A. Equation 
A .l gives general form of the the mass conservation equation as used in this code. The mass 
conservation equation contains the mass flux term F K. The capillary pressure and relative 
permeability functions derived in this thesis are used to calculate the mass flux as shown in 
equations A.7 to A .10. These four equations give the mass flux for different phases. These 
mass fluxes are then used to calculate the heat flux term. Thus the derived functions solve 
the mass conservation equations for water and air, and the energy equation. Three cases 
will be examined, discrete fracture matrix system, heat source in volcanic tuff, and waste 
package in backfilled tunnel. These models will serve as a tool to decide on the feasibility 
of the emplacement of nuclear waste canisters in the tuff rock of Yucca Mountain, Nevada.
Chapter 2
LITERATURE REVIEW
Modeling of porous media has been a popular topic. Investigators have approached many 
aspects of this topic making their own analysis and getting results to account for various 
aspects of fluid behavior in porous media.
In particular, multiphase flow in porous media has been examined by J  Ganoulis (1989). 
In his article, he examined a few models of fluid flow in unsaturated porous media like the 
parallel bundle of capillary models, serial bundle of capillary models, and capillary network 
model of square lattice. The models were analyzed, and the capillary pressure function and 
the relative permeability functions for these models were derived. The analysis was done for 
different space and time scales. A space scale was defined as the characteristic size of the 
space area in which the multiphase flow was studied. A time scale was defined as the dura­
tion of time of the phenomena. The study done by J  Ganoulis (1989) was very elementary 
and dealt strictly with simple conceptual models. Also, general porous media is modeled. 
In this thesis project, however, fractures have been modeled. Also, these conceptual models 
have been used to numerically model different emplacement configurations of nuclear waste
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canisters. No numerical studies have been performed by Ganoulis.
Modeling of fractured porous media has been done previously. The infiltration of the 
liquid front in an unsaturated porous media was analyzed by Nitao et al. (1989). They 
found asymptotic solutions for liquid movement in idealized fracture systems dominated by 
fracture flow and compared them with numerical solutions. An infinite array of parallel 
fractures with the same aperture was assumed. Another important assumption was that 
the one dimensional fracture would at any point either be completely filled or completely 
dry. This assumption is of significance to this study because, the model was assumed to be 
partially filled with water at any time.
An experiment was conducted by R Glass et al. (1993) to investigate the influence of 
matrix imbibition on water percolation through unsaturated fractures in the plane normal 
to the fracture. It was found that flow fields associated with two different media were 
significantly different due to different material properties of the porous media. This kind 
of experimental modeling was also done for unsaturated porous media by Springer et al. 
(1993). The study was used to evaluate predictions of field tracer migration using laboratory 
data. Experimental modeling has thus been done for both fractured and porous media. 
Two phase flow experiments were also conducted by PreussandPersojf (1993). Relative 
permeabilies were calculated using experimental data. The sum of the relative permeabilities 
was found to be lesser than one, indicating strong phase interference. This factor has been 
ignored in the present study. Thus, experimental data  is useful in that they help to validate 
the numerical models.
In the work of Preuss et al. (1990) the fracture system was modeled as a series of parallel 
plate fractures equally spaced with the canister perpendicular to the fracture m atrix system.
The study simulated open hole as well as back filled conditions. In the open holed condition, 
the space between the waste packages and the waste rock was void and was connected 
via infinite permeability to an infinite air reservoir which represented ventilation. The 
vaporization of the liquid in the near field of the canister and its subsequent condensation 
in the fracture was analyzed. The region near the canister where substantial heat fluxes were 
transm itted over regions with small tem perature gradients called the heat pipe region was 
analyzed Eastman (1968). In the backfilled condition, the space around the waste canister 
was assumed to contain material with properties identical to the rock matrix. In this paper, 
the authors analyzed the thermal and hydrologic conditions around nuclear waste canisters 
using the explicit discretization approach. In the companion paper Preuss et al. (1990) used 
an approach called the effective-continuum approximation. In this approach, the capillary 
pressure and relative permeability functions were developed based on the assumption that 
the fractures and matrix will be locally at equilibrium at all times. Therefore one set of 
thermodynamic variables was used to characterize the system instead of two sets as in the 
previous approach.
The work of A. E. Sclieiclegger (1960) is of significance to porous media modeling. In 
his study, Scheidegger dealt with two types of porous media models. They were the parallel 
type models and the serial type models. In the parallel type models all the capillaries 
were assumed to go through from one face to the opposite side. In the serial type models, 
capillaries of various diameters were put together in series A. E. Scheidegger (1960). The 
capillary pressure was derived for the parallel type model. Various theories of relative 
permeability were also explained. Scheidegger’s work thus explained in detail most of the 
work done in porous media. But, like the study done by J. Ganoulis, his work is general
and has no specific experimental work .
The previous paragraphs of this chapter have shown that various types of modeling 
have been done for porous media, and also for the fracture matrix system. This thesis 
study, differs in significant aspects from previous studies. First, this study is based on 
prismoid and cylindrical conceptual models instead of the parallel plate model as assumed 
by Prexiss et al. (1990). The prismoid and cylindrical conceptual models will therefore be 
compared to the model given by Preuss et al (1990). Secondly, most of the studies were 
simple derivations without having any numerical or experimental basis. This study will try 
to numerically model a fracture-matrix system using the derived functions. Experimental 
work to validate the results of these simulations is a future area of research.
Chapter 3
ANALYSIS
3.1 Prism oid
A prismoid of unit length is analyzed as shown in Fig 3.1. The prismoid is partly 
saturated with water. First, the capillary pressure as a function of saturation is derived. 
Then, the relative permeability as a function of saturation is derived. Finally, hmax, the 
maximum height to which water can be held in the fracture against gravity, is analyzed. This 
model is then extended to the case where water is collected in three corners. The resulting 
capillary pressure and the relative permeability functions are plotted against saturation and 
the plots examined. The effect of the contact angle 9 and the angle of the triangular cross 
section a  on hmax is also explained.
3.1.1 Capillary Pressure Function
As can be seen in Fig 3.1, the prismoid has a height H, a base of length L and base 
angle a. 9 is the contact angle of the liquid with the solid surface of the fracture, h is the 
height of water in the prismoid with a maximum height of hmax , and / is the base length
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L
Figure 3.1: Prismoid model of a fracture.
of the wetted region of the triangle. Fy is the force due to the surface tension that holds 
the water in balance against Fg , the force due to gravity per unit length of prismoid that 
tries to pull the water from the face of the fracture. This force Fy per unit length of the 
prismoid is given by
Fy = 2 x a x cos(a — 9) (3.1)
The surface area over which this force is applied is
Area = 1 x 1  = 1 (3.2)
which leads to
I = ‘2hcota
and also
L = 2 Hcota
The surface area per unit length is then approximated as
A = I x 1 =  2hcota
Now, the capillary pressure per unit length can be expressed as
Fy 2acos(a -  6)
Pc = ^ = A
where
• Fy= capillary force
• A= Surface Area per unit length
This can be rewritten as
2acos(a — 9)
pc — r orce Area  = ------ :-----------
2 hcota
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which gives the capillary pressure as a function of water height h in the fracture
ocosia — 9)tana 
Pc =   T 2   (3-9)
The water saturation is defined as
_. , , , Ir , ( 1/2 x I x  h) x  1
Si = Volume o f  water Total \  olume = -—j-  -----—-----  (3.10)
(1/2 x L x H ) x  1
I h
Si = T7F (3-IDL H
Substituting equations 3.4 and 3.5 in for I and L leads to
2 h cot a h  . h
Sl = 2 (3' 12)
This can be rewritten as
h =  H\Jlfi (3.13) 
Substituting the above equation into the equation for the capillary pressure eq. 3.9 gives
. _ x acosfa -  9) tan a constant*=pM) = —-hw,— = ~vsr (3-14)
This gives the final expression for the capillary pressure as a function of saturation. Using 
these equations, the saturation and the corresponding capillary pressures can be calculated 
depending upon the fracture size and contact angle. The capillary pressure function has 
been plotted against the saturation for the prismoid model. As can be seen in Fig 3.4, the
capillary pressure decreases with saturation in a curved fashion.
3.1.2 Relative Permeability Function
In this section, the relative permeability is derived for the prismoid fracture model. 
The relative permeability is related to the intrinsic permeability and the pressure gradient 
as specified by the Darcy-Weisbach equation
—kkr dp
v = ------- —
p ox
where
• v=  fluid velocity
• p= fluid density
• p=  dynamic viscosity
• k=  intrinsic permeability
• kr= relative permeability
• §f = capillary pressure gradient
• f= Darcy friction factor
• dh— hydraulic diameter
The value of f, the friction factor for laminar flow is inversely proportional to the 
Reynolds number and is given by
- k k r . p f v 2 . 
p  1 2dh ’
(3.1.5)
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The value of ci depends on the geometry of the conduit. For the prismoid model, this 
constant is in the range 40<cj<54.
Using this expression for the friction factor, eq. 3.15 becomes
— kkr Ci v2
l 3 ' 1 7 )
Canceling out and rearranging gives an expression for the relative permeability
kr = ~ r j r  (3-18)
The hydraulic diameter is defined as dh = The Area and the wetted perimeter can be
seen in the figure. They are
A = ^ x / x / i  =  y  (3.19)
and
4 + h2
Therefore, the hydraulic diameter dh is
dh = -4 L =  (3.21)
\f<4+IP
Substituting equation 3.4 for / into equation 3.21 gives,
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h x 2/t
d _  . tang ; ^_22)
Squaring the hydraulic diameter and canceling out terms,
^  h2 +  h2tan2a  (3'23)
Substituting the above equation in the equation for relative permeability, eq. 3.18 gives
( 3 ' 2 4 )
When the fracture is fully saturated, kr= 1. Combining eq. 3.24 with eq. 3.18, leads to an 
expression for intrinsic permeability,
- 2  H 2
k = (3.25)ci 1 +  tanza
Substituting eq. 3.25 in eq. 3.24 results in an expression for the relative permeability in 
terms of the liquid saturation
kr(Si) = ^ 2 = Si (3.26)
It can thus be concluded tha t the relative permeability varies linearly as a function of the
saturation. The relative permeability is plotted against the saturation as can be seen in
Fig 3.5. This plot shows that the relative permeability varies linearly with the saturation 
which is as expected.
3.1.3 Analysis of Maximum Fracture Saturation
In this section hmax, the maximum height to which water can be held in a pris- 
moidal fracture against gravity is examined. Beyond hmax, the gravity forces will dominate 
against the surface tension forces. The behavior of the fluid will therefore depend on whether 
this maximum height of water is less than, greater than or equal to H, the height of the 
fracture. Balancing the gravity and the surface tension forces that hold the water in the 
fracture at equilibrium,
Fy =  Fg (3.27)
The force due to the surface tension that holds the water to the face of the fracture is given
by eq. 3.1. The force per unit length tha t tries to pull the water down is
Fg =  7 V  (3.28)
where
• Fg=  Force due to gravity
• y — specific gravity of water=pg
•  V =  volume of water in the model 
Balancing the forces,
2acos(a — 6) = j V  (3.29)
The volume of water in the model is equal to the area, of the cross section of the model 
times the length which is one unit. The area of the base is equal to Therefore
2crcos(a - 8 )  — ^ x l x h x  1 x 7 (3.30)
Substituting equation 3.4 in equation 3.30,
2acos(a — 8) -  ^ x 2hcota x  h x  7 (3.31)
Equating h to hmax i.e the maximum height of the water in the triangular cross section,
kmax = \J j co ta  } (3'32)
It cam be seen from the equation that hmax is a function of the contact angle 
8 and the shape of the fracture, which is determined by the angle a and the height H. So, 
an analysis was done to determine the relationship between hmax and the contact angle 8 
keeping the angjle of the triangular cross section a  as a constant. Also, a  was varied keeping 
the contact angjle 8 as constant and the relationship between hmax and a  was examined.
Initially, the contact angle 8 was varied to examine the relationship between 
hmax and the (contact angle. A graph was plotted between various values of 8 and the 
corresponding hmax for a constant angle of the triangular cross section a. These plots were
done for the wetting and the non-wetting conditions. For the non-wetting condition i.e
when the contact angle was between and x,  hmax was found to increase with a decrease 
in 8 in a curved fashion as can be seen in Fig 3.6. However, for the wetting condition with 
the contact angjle between 0 and the value of hmax was found to decrease and increase
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with 6 as can be seen from Fig 3.7. Finally, the contact angle was kept constant and hmax 
was plotted against various values of o. The relationship between a  and hmax was found 
to be linear as can be seen from Fig 3.8. hmax was found to increase with an increase in a. 
These plots show that hmax behaves differently for wetting and non-wetting conditions of 
the contact angle, whereas it increases linearly with the angle of the triangular cross section.
The model can also be analyzed for three situations, i.e hmax greater than, equal to or 
lesser than H, the height of the triangular cross section. Fig 3.4, gives the curve for hmax 
equal to H. When the height of the cross section is greater than hmax, the gravity forces 
are high when compared to the surface tension forces. Therefore, the water settles down at 
the bottom of the fracture and results in a situation where the capillary pressure is zero for 
a saturation which is still less than one. In the case where hmax is equal to the height of 
the triangle, the capillary pressure is zero for the saturation of one.
The third case where hmax is greater than the height of the triangle is the most 
important case. In this case, the fracture is considered as part of a larger fracture-matrix 
system. A discussion on this type of flow can be seen in the paper by ./. Nitao, and T. 
Buschek (1989). When the liquid front proceeds in the fracture, the matrix may or may not 
be saturated. TMs has been called by Nitao et al., as fracture-dominated flow. In this case, 
the fracture along the longitudinal direction of the fracture will advance ahead of that of 
the matrix. It is also possible that the matrix may be fully saturated and the fracture front 
may not be fully saturated. This is called matrix-dominated flow. In this case, movement of 
the liquid front En the fracture will be small and will lag behind the front in the matrix. In 
both the cases, ithere is a disequilibrium in the system. This is shown in the Fig 3.4 where 
the saturation is almost one but the capillary pressure is not zero. But with time, the
matrix may become fully saturated and saturate the fracture or the fracture may become 
fully saturated and saturate the matrix, thus making the system fully saturated and the 
capillary pressure may suddenly drop down to zero . Thus, the system may come back to 
equilibrium with time.
IS
hmax=maximum height of the 
water front
H=Height ¥  the Prismoid
Figure 3.2: Prismoid with water in three corners.
3.1.4 Analysis of a Prismoid Model with Water in Three Corners
This model assumes water collects in all three corners of the triangular cross section 
as shown in Fig 3.2. The capillary pressure function and the relative permeability function 
for this model are basically the same as for the model which has water flow only at one 
corner. An equilateral triangle was assumed for this model. Since the angle is the same 
at all the three edges, the capillary pressure and the relative permeability functions will be 
the same as if the components were considered independent of each other. The saturation 
of the larger cross section will be the sum of the saturations of the individual corners. For 
a particular value of H, the height of the triangle, the saturation is nearly 1, though not
exactly 1. This is because as the water front proceeds in the three directions, they meet at 
some point but there is still a unfilled region which can be seen in the figure. Therefore, 
the saturation value is not exactly 1. Since only the saturation value doubles, the plot 
looks similar to Fig 3.4. Therefore, it has not been plotted again. The plots look similar 
because, the saturation is the sum of the saturations of the three corners, whereas the 
capillary pressure is the same for the whole model as it is for each of the three corners. 
Here again, there are three cases. The previous case was hmax less than H. hmax cannot 
be equal to H, due to the unfilled region as explained before. When hmax is greater than 
H, there may be fracture-dominated flow or matrix-dominated flow as explained earlier. If 
the flow is fracture-dominated, the fracture is saturated and the matrix gets saturated as 
equilibrium is attained. If the flow is matrix-dominated, the m atrix is saturated, and the 
fracture gets saturated as the system comes to equilibrium. This case is illustrated in Fig 
3.4. The relative permeability versus liquid saturation plot will be the same as Fig 3.5. This 
is because, only the saturation is being scaled up by a value of ‘2. The relative permeability 
is still the same. So, the plot will be the same as Fig 3.5.
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contact angle
r=length of the water front
a/2
R-h
R=radius of the cylinder
h=heightef .vater in the model
Figure 3.3: Cylinder model of a fracture.
3.2 C ylinder
In this section, the fracture is modeled as a cylinder. The saturation and the 
capillary pressure functions are derived for this model. The cylinder and the corresponding 
geometric patterns are shown in Fig.3.3.
3.2.1 Capillary Pressure Function
Fy is the upward force due to the surface tension, and Fg is the downward force due to 
gravity. The volume per unit length of the wetted section shown in the figure is given by
V, = R 2[^ -  s in -1 ( l  -  -  X J i ^ 2 R h - h * } (3.33)
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where,
• h=height of the water in the cylinder
• 6 is the contact angle
• R= radius of the cylinder
The volume of the cylinder per unit length is given by
V = 7vR2 (3.34)
The saturation in terms of h and R is given by
„ Vi B ? [ f  -  s m _ 1 ( 1 -  4 )  -  B £ £ y / 2 R h  -  /i2]
s > = y  =  - Li   5 <3-35)
5, =  0.5 -  - b i n - ' d  -  4 )  -  -  h2 (3.36)
7T K  7T i t
The saturation can be written as a function of the angle a that the sector containing water 
makes with the center of the circle as can be seen in Fig. 3.3. The angle a  is in the range 
0 < a < 2x. It can be seen that
. a  y/2 Rh -  h2
SlU2 =  R   (3 '37)
and
C° 5f  =  ~ R ~  3̂ '38^
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Substituting equations 3.37 and 3.38 into the third term of eq. 3.36,
R -  h -----— 2sin%cos% sina
— s r V 2 R h  -  li2 = ---- £----- ^ = — -  (3.39)
irR2 2tc 2tt
The second term in eq. 3.36 can be written as
sin X(1 -  = ^  -  c°s 1( \ - (3.40)
Substituting equations 3.39 and 3.40 in equation 3.36,
a — sinas, =  (3 .41)
The saturation can thus be written in terms of the angle a. The capillary pressure is given 
by
P c ~ ~ f  (3-42)
where
• Fy= capillary force resolved in the y direction and
• A= Area
The capillary force per unit length is
F  = 2a (3.43)
Area A =  w X 1. Resolving the forces,
Fy — Fsin(9  +  ^ )  =  2asin(0 + ^ )  (3.44)
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The capillary pressure is given by
2asin{ 6 +  f )
Pc = --------*------ -  (3.45)w
where w — length of the water front, w can be written in terms of R and h as
w =  2yf(2Rh -  h2) (3.46)
The capillary pressure can be written in terms of a , the angle that the water makes with 
the center of the circle and R, the radius of the circular cross section as
asin(6  +  %)
* = 7 m - * ) ( 3 ' 4 7 )
Substituting eq. 3.37 for the denominator of eq 3.47,
<jsin(9 +  §)
*  "  < 3 ' 4 8 >
The capillary pressure as a function of saturation can be derived. This can be done by
making an approximation for the value of s ina  in terms of the saturation. Making a series
substitution in eq. 3.41,
=  q - a + 3? =
27T 3! x 27r
From eq. 3.49, the saturation as a function of a  can be approximated as
a — (127t5;)5 (3.50)
This approximation is however not used in the computer simulation. A Newton-Rhapson 
iteration is used to get a closer approximation for a  in terms of the saturation.
The capillary pressure function has been plotted against the saturation as shown in 
Fig 3.9. The assumption made here is that water flows from both the top and the bottom 
of the cylinder, so that when the cylinder fills up, the capillary pressure suddenly drops to 
zero as is shown in the graph.
3.2.2 Relative Permeability Function
In this section, the relative permeability function as a function of saturation will 
be derived. The function will be modeled as in the prismoid section, i.e using the Darcy- 
Weisbach equation and finally getting
where, dh and do are the hydraulic diameters of the partially saturated and the fully satu­
rated cylinder respectively. The relative permeability is given by
4 A h
kr = ( j ^ ) 2 (3.5-2)
Pa
where Ah and Ph are the Area and the wetted perimeter of the unsaturated cross section 
respectively, and Ao and Po are the area and wetted perimeter of the section, when it is 
fully saturated. Making a  few modifications,
25
The ratio of the areas of the unsaturated section and the saturated section is equal to the 
saturation of the cross section. Therefore,
kr = S,2( ^ ) 2 (3.54)
The wetted perimeter of the unsaturated part is also a function of the saturation. Initially, 
the wetted perimeter of the unsaturated section was found to be aR.  The perimeter of 
the saturated part section will be equal to the circumference of the circle i.e P0 = '2irR. 
Dividing both and squaring,
rh aK  a
so that the relative permeability is given by
kr = Si2(—  )2 (3.56)
a
The function for the relative permeability as a function of saturation is given by
kriS,) = ~ 3 6 ~  (3"57]
Here again, the relative permeability is not used in the computer simulation. As before, the 
Newton-Rhapson iterative technique is used.
The relative permeability is plotted against the saturation as shown in Fig 3.10. 
Here again, water flows from both the top and the bottom  of the cylinder. The relative 
permeability is a non linear function of the liquid saturation.
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3.2.3 Analysis of Maximum Fracture Saturation
In this section, hmax, the maximum height to which water can be held by capillary 
forces against gravity forces will be found, hmax can be found by equating the body force 
and the capillary pressure, assuming equilibrium in the system. The capillary force per unit 
length is given by
Fy = '2acos6 (3.58)
The force due to gravity is given by
Fg = 7V) (3.59)
where V) is the volume of water in the sphere. As can be seen in Fig 3.3 , this volume can
be found by calculating the area of the sector and subtracting the area of the triangle from
it. The volume of the sector per unit length is
V's = f x  trP2 =  ^  (3.60)
27T 2
The volume of the triangular part per unit length is
Vt = |  x ( R - h )  (3.61)
The volume of water in the cylinder model is then given by
v, = V, -  ^  |  x ( R - h ) (3.62)
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Substituting eq. 3.46 in eq. 3.62 for the value of w,
Vt = Va - V t = ^ - - [ R -  h ) \ /2Rh  -  h2 (3.63)
Substituting eq. 3.37 and eq. 3.38 into the second part of eq. 3.63 and rearranging
R?
Vi = — (a — sina)  (3.64)
Equation 3.41 can be rearranged so that
(a — sina)  = 2irSi (3.65)
Substituting eq. 3.65 in eq. 3.64,
Vt = 7T R 2S i (3.66)
Substituting eq. 3.66 in eq. 3.59, and equating the capillary and the gravity forces using 
eq. 3.58,
2acos9 „ .
S, = (3.67)
An expression has already been derived for the saturation as shown in eq. 3.36. Putting 
this expression on the left hand side of eq. 3.67
c n t , 1 . _ 1/t h (R -  h) \ /2Rh -  h2 2acosOSi = 0 .5 -  - s i n  1 -   --------------- —----------- = — 3. 68
7T R  7T R 7T R
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Equation 3.68 gives an expression to calculate h, the height of water in the model. In order 
to get hmax, hmax has to be substituted for h in the above equation. This results in
0 5 — ^max ) — hmax)y/2Rlimax _  '2acos8 ^
7r R  w R 2 i r R 2
Equation 3.69 can be used to calculate hmax. This is not a direct relationship, and so 
numerical techniques have to be used.
The capillary pressure and relative permeability functions of the prismoid and 
cylinder models are given in Table 3.1
Table 3.1: Functions of the Models
model Capillary pressure Relative permeability
prismoid crcos(a — 6)tanaH-Jf, Si
cylinder °  Rs,n‘4 s n i ?
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Figure 3.4: Capillary Pressure vs Saturation Curve for the Prismoid Model.
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Chapter 4
DISCRETE FRACTURE 
SIMULATION
This section is divided into three subsections. The first subsection gives a brief description 
of the physical system and some general modeling considerations. The second subsection 
deals with the functions used for the matrix and for the different fracture models. Results 
of the simulation are presented in the third section.
4.1 Physical S ystem  and G eneral M odeling  C onsiderations
The simulations were carried out for the fracture m atrix system shown in Fig. 4.1. The 
system consists of a matrix and discrete fractures with different shapes assumed to be at 
0.22 meter center to center distance from each other, and a nuclear waste canister which is 
the heat source. The fractures are assumed to be of 2 mm thickness. The elements in the 
near field were made smaller in order to simulate the near field with some precision. The 
m atrix and the fractures were assumed to be partially saturated. In this physical system,
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the heat source evaporates the liquid. The resulting increase in gas pressure drives the 
evaporated fluid down the high permeability fractures. The vapor then condenses against 
the walls of the fracture where it is absorbed by the matrix. The condensate is drawn 
back towards the heat source by capillary pressure gradient. This results in the ’’heat pipe 
effect” . The heat pipe effect is shown in Fig. 4.2. In particular, the effect of the different 
fracture models on the ’’heat pipe effect” will be examined. The reference properties for 
the three fracture models and the matrix are given in Table 4.1 below.
Table 4.1: Material Properties of the System
Material Properties Matrix Linear Fracture Prismoid
Density 2580 kg/m 3 2580 kg/m 3 2580 kg/m 3
Porosity .103 .9 .9
Permeability 3.3e-17 l.le-11 7.8e-ll
Saturated Heat Conductivity 1.8 W / m ° C 1.8 W /m °C 1.8 W /m °C
Specific Heat 768.8 2/kg°C 768.8 J /kg°C 768.8 J / kg°C
Desaturated Heat Conductivity 1.6 W /m ° C 1.6 W /m °C 1.6 W /m °C
Tortuosity 0.25 0.25 0.25
The reference properties for the fracture and matrix were obtained from [Peters and 
Klavetter, 1984]. The permeabilities of the different models were calculated separately for 
each geometry. The linear model permeability was obtained from Preuss et al. (1990) as 
used by Preuss in his simulations. The permeability for the prismoid model was calculated 
using equation 3.25. The permeability for the cylinder was calculated using the denominator 
of equation 3.51. But, this value was found to be lower than the parallel plate permeability 
value given by Preuss et al. (1990). Therefore, the value assumed by Preuss for the linear 
model was assumed for the cylinder model. The properties of the cylinder model are assumed 
to be the same as the linear model. The properities of the cylinder model are given in Table
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4.2.
Table 4.2: Material Properties of the Cylinder Fracture Model
Material Properties Cylinder
Density 2580 kg/m 3
Porosity .9
Permeability l.le-11
Saturated Heat Conductivity 1.8 W /m °C
Specific Heat 768.8 J /kg°C
Desaturated Heat Conductivity 1.6 W / m °C
Tortuosity 0.25
The numerical simulator used for this simulation is called TOUGH, which is the acronym 
for ”Transport of Unsaturated Groundwater and Heat” . It is a multi dimensional numerical 
model for simulating the coupled transport of water, vapor, air and heat in porous media 
Preuss. (1987). This code has mostly been used to simulate conditions in the near field of 
nuclear waste canisters, but it has other applications too.
The initial tem perature and pressure of all the fracture and matrix elements were 26°C, 
and 105 pascals. The initial saturations however varied depending on the capillary pressure 
models used. The boundaries were assumed to have extremely large volume when compared 
to the other elements. They were also made to have extremely high thermal conductivities. 
This was done in order to maintain constant tem perature and pressure conditions at the 
boundary.
4.2 Functions
In this section, the values of the parameters used in the capillary pressure and relative 
permeability functions used for the various simulations are tabulated. The system consists
39
of the matrix and fracture.
4.2.1 Matrix Functions
In all the simulations, the same functions i.e the Sandia functions have been used to represent 
the tuff matrix material. The functions for the fracture however depend on the model 
simulated.
The capillary pressure function for the m atrix is the Sandia function given below.
Pc = 0 f o r  Sltm > Sls'jn (4.1)
P c = -Po[(S*) * -  l]1 fo r  S ltm > Slr,m (4.2)
where
s . =  - a - . -  (4.3)
ls}m *iTtm
Pc = -Pmax f o r  FoK*?*) * -  l]1 A > Pmax (4.4)
In the above equations, Pmax is the maximum capillary pressure in the m atrix, 5/s,m is 
the maximum saturation, and S/r,m is the irreducible liquid saturation, saturation.A is a 
curve fit parameter with a value of 0.45.
The matrix relative permeability is also calculated using the Sandia function
krl,m = \ /£ 1 1  -  [1 -  S**]]-'2 f o r  Sfm (4.5)
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^r/,m — 1 fo r  St.m — Sls.m (4.6)
The gas relative permeability is then
krg,m  — 1 &rl,m  (4.1 )
The different parameters and their numerical values are given in Table 4.3 below. These 
values have been obtained from Peters et al. (1984).
Table 4.3: Parameters for the Matrix
Parameter Numerical Value
A 0.45
§lr,m 9.6 xlO -4
Po 1.39 xlO6 pa
P1 max 5 x 108 pa
Sls.m 1
Sl,m 0.80
4.2.2 Parallel Plate Model
In this case, the capillary pressure and relative permeability are described by a linear func­
tion.
pc = 0 f o r  S i j  > Sis j (4.8)
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c   c
Pc =  -Pmax-jr^-  c T ^ ~  f ° r SlrJ < SlJ  < SlsJ (4-9)
S l s J  -  J l r J
Pc = - P m a x  f o r  S , J  < SlrJ (4.10)
111 the above equations, Pmax is the maximum capillary pressure , and Sirj  and S/sj  
are the lower and upper limits of the linear function.
The values of the parameters are given in the Table 4.4.
Table 4.4: Parameters for the Parallel Plate Model
Parameter Numerical Value
P m a x 5 x 108 P a
S l r J .01
S U 0.0099
S l s J 1
In the above table, the parameters are given for the case where the liquid in the fractures 
is immobile. For the liquid mobile case, the liquid saturation in the fracture lies over a larger 
range 0.05 > S i j  > 9.6 x 10-4 .
The relative permeability function is also described by the linear function.
fcw,/ = SJ ' f  f o r  SiTj  < S i j  < Si s j  (4.11)
^ l r , f
kr l j  = 0 S l J  <  S l r J (4.1-2)
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krl ,J = 1 f or S l J  ̂  S l s J (4.13)
The parameters used in this relative permeability function are also given in Table 4.4. 
Initially, the matrix was assumed to be 80 percent saturated in the linear and prismoid 
cases. In the cylinder case, the matrix was almost fully saturated to get a minimum fracture 
saturation. For initial equilibrium, the fracture and matrix should have the same capillary 
pressure. Therefore, for the given matrix saturation, the capillary pressure was calculated 
using the Sandia function shown above. The corresponding initial fracture saturation was 
calculated. In the linear case, the fracture saturation was calculated to be 0.0099 for a 
m atrix saturation of 0.8, for the immobile case. For the mobile case, a fracture saturation 
of 3.928 percent was calculated.
Liquid in the fracture was assumed to be immobile for a fracture saturation below one 
percent. Liquid was mobile for saturations greater than one percent.
4.2.3 Prismoid Fracture Model
The capillary pressure and relative permeability for the prismoid model have been derived in 
the previous chapter. The capillary pressure function for the prismoid model in a generalized 
form is
pc = 0 f o r  S i j  > Sisj  (4.14)
-acos (a  -  0)tana constant . „ „ , ,
*  -  — h -j s t , =  ~ t w  f ° r s , rJ  < S,J  < S u j  ( 4 - 1 5 )
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Pc — P m ax f o r  S l J  < S l r J  (4.16)
The relative permeability function for the prismoid case is given by the function
kr i j  = o f o r  S i j  < SlrJ (4.17)
kr i j  = a S i j  +  b fo r  S w j  < S i j  < S u j  (4.18)
where a and b are constants and are equal to 1 and 0.
kr i j  = 1 f o r  S i j  > S'uj  (4.19)
The major difference between the prismoid model and the linear model followed by 
Preuss is the issue of mobility. In the linear model followed by Preuss et al. (1990), the 
liquid in the fracture is assumed to be immobile below a fracture saturation of 5/rj .  This 
is because, the relative permeability for the linear model is equal to zero below a fracture 
saturation of one percent. Above this minimum limit, the relative permeability varies 
linearly with saturation. But, for the prismoid model, the relative permeability always 
varies with the saturation. Therefore, the liquid in the fracture is always mobile.
The various parameters in the capillary pressure and relative permeabilities are given 
in Table 4.5.
The same initial saturation for the matrix was assumed for the prismoid fracture case.
Since the fracture saturation of 0.0099 seemed to give good results, the value of the angle of
Table 4.5: P aram eters for the Prism oid M odel
Parameter Symbol Numerical Value
Surface Tension a 7.28 N/m
Contact Angle 6 87°
Angle of the prism a 73°
Maximum Capillary Pressure Pmax 5 x 10* Pa
Minimum Saturation S l r J 0
Maximum Saturation S l s J 1
Equilibrium Fracture Saturation S l J 0.0099
the prism was manipulated to get an initial fracture saturation of 0.0099 for a corresponding 
matrix saturation of 80 percent. Equating the Van Genuchten function capillary pressure 
for the matrix and the prismoid capillary pressure function for the fracture, the initial 
fracture saturation of 0.0099 for the fracture was arrived at for a corresponding angle of the 
prism a  = 87.376°. When a  was decreased below this angle, the saturation in the fracture 
was reduced and this caused severe time step reduction. For angles greater than 87.376°, 
the corresponding initial saturation in the fracture increased, but resulted in time step 
reduction. The values of a  from 80° to the calculated a  showed a increase in convergence. 
But below 80° and above the calculated value, there were convergence problems. This may 
be because for lower values of a , the minimum saturation in the fracture was very low.
4,2.4 Cylinder Fracture Model
The capillary pressure and relative permeability functions for the cylinder model have also 
been derived in the previous chapter. The capillary pressure function for the cylinder model 
is given as
45
sin{9 -f ~)
^  =  (4-20>
Pc = Pmax for  a  = 0 (4.21)
pc — 0 fo r  a  = 7r (4.22)
The parameters for the cylinder model are given in Table 4.6.
Table 4.6: Parameters for the Cylinder Model
Parameter Symbol Numerical Value
Surface Tension a 7.28 N /m
Contact Angle 9 45°
Angle of the cylinder a 53°
Maximum Capillary Pressure P1 max 5 x 10s Pa
Minimum Saturation S l r J 0
Maximum Saturation S l s J 1
Equilibrium Fracture Saturation S i j 0.0099
In this case, a  is the angle that the liquid front in the cylinder makes with the center of 
the circular cross section. In this case too, the maximum capillary pressure is assumed to 
be the same as in the linear case to facilitate equilibrium. Since, only half the circular cross 
section is modeled, the cylinder is assumed to be fully saturated at angle 7r. The relative 
permeability function for the cylinder model is given as
kr l j  =  S u H ^ ) 2 (4.23)
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kri.f = 0 f o r  S i j  = 0 (4.24)
kr l j  -  1 f o r  S i j  = 1 (4.25)
In the cylinder model, the liquid in the fracture is always mobile and the relative perme­
ability varies with the saturation as a power function.
To get the same initial fracture saturation for this model as in the previous two cases, 
the matrix saturation had to be increased. Therefore, the matrix was assumed to be almost 
fully saturated and was equal to 0.9999561. This gave a saturation of 0.0099 in the fracture. 
But, the corresponding capillary pressure in the fracture and matrix were reduced to a very 
low value 3802 pascals, and the corresponding contact angle of the cylinder was a = 52.72°. 
In the cylinder case , reducing a  caused time step compression and convergence problems.
The initial conditions for both the linear and prismoid model were the same. They are 
shown in Table 4.7. The initial conditions for the cylinder case are given in Table 4.8.
Table 4.7: Initial Conditions for the Linear and Prismoid Models
Initial Conditions Matrix parallel plate prismoid
Liquid Saturation 0.8 0.0099 0.0099
Capillary Pressure 1.0924 x 106P« 1.0924 x 106Pa 1.0924 x 106Pa
Table 4.8: Initial Conditions for the Cylinder Model
Initial Conditions Matrix cylinder fracture model
Liquid Saturation 0.9999561 0.0099
Capillary Pressure 3.802 x 103Pa 3.802 x 103P a
4.3 R esu lts
In this section, the results of the various simulations will be presented and discussed. The 
three cases will be examined in order. This system was simulated for half a year and for a 
full year for purposes of comparison. The results of the runs are given in the tables below. 
Variations in the results of the simulations will be highlighted.
4.3.1 Linear Fracture Model
Table 4.9 shows the tem perature at various distances for the half year and one year times 
for the linear fracture model. The liquid saturations at various distances from the heat 
source are shown in Table 4.10.
Table 4.9: Temperature Profile at different times for Linear Model
Time Temperatures at different distances from the heat source
.02 m .72 m .88 m 1.06 m 1.27 m 1.50 m 1.77 m 2.44 m
186 days 189.5 100.8 100.5 100.2 99.67 95.13 86.87 78.95
366 days 211.0 118.1 108.4 101.0 100.7 100.3 99.92 98.2
Table 4.10: Liquid Saturation Profile at different times for Linear Model
Time Liquid Saturation at different distances from the heat source
.02 m .88 m 1.06 m 1.27 m 1.50 m 1.77 m 2.08 m 2.44 m
186 days 0.0 0.243 0.6127 0.7622 0.8458 0.8754 0.8694 0.8634
366 days 0.0 0.0 0.0 0.1118 0.5437 0.7229 0.8204 0.8750
From Table 4.9 , it can be seen that the tem perature near the heat source has increased 
over time. After a half year, the temperature is 189.5°C while after one year, it is 211 °C.
48
This can be seen in Figures 4.3 and 4.6. The length of the heat pipe region has also increased 
with time. For the half year period run, it is 0.55 meters, while after one year , it is 1.38 
meters. This increase in the heat pipe region is due to the increase in temperature. The 
heat pipe region is considered to be the region with temperatures around 100°C. The heat 
pipe region was also found to move away from the source with an increase in tem perature. 
The saturation results in Table 4.10 show a dryout region has developed for both the time 
periods. The extent of the dryout region increased with time. For the half year case, it was 
0.86 meters, while for the one year case, it was 1.25 meters as can be seen from Figures
4.4 and 4.7. The increase in the extent of the dryout region is due to the increase in 
temperature. The existence of a dryout region means tha t two phase flow conditions were 
not present near the wall of the canister. This was due to the immobile conditions present 
in the fracture. The liquid near the canister evaporated, but there was no circulation of 
liquid, because the liquid was immobile. Therefore, the near region of the canister dried 
out. The capillary pressure plots in Figures 4.5 and 4.8 do not show much of a change for 
the two time periods.
Attempts were made to simulate the parallel plate model, using the mobile conditions 
used by Preuss. But, due to severe convergence problems and lack of computer time, this 
could not be done. However, the results obtained by Preuss, will be used to compare the 
parallel plate, mobile case, to the prismoid model.
4.3.2 Prismoid Fracture Model
The prismoid fracture model gave more interesting results. The following two tables will 
present the results of the prismoid simulation for tem peratures and saturations at different 
points. The first, Table 4.11 will give temperatures at different distances. Table 4.12 gives
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the liquid saturations at various distances.
Table 4.11: T em perature Profile a t different tim es for Prism oid  M odel
Time Temperatures at different distances 'rom the heat source
.02 m .116 m .266 m .358 m .58 m 1.50 m 2.44 m 2.85 m
186 days 100.3 100.3 100.1 100.1 99.94 99.49 78.77 71.02
366 days 100.5 100.4 100.3 100.2 100.1 99.79 98.17 90.46
Table 4.12: Liquid Saturation Profile at different times for the Prismoid Model
Time Liquid Saturation at different distances from the heat source
.02 m .055 m .116 m .58 m 1.05 m 1.26 m 2.08 m 2.44 m
186 days 0.01961 0.7989 0.799 0.7994 0.7997 0.7998 0.7999 0.7999
366 days 0.01959 0.7987 0.7988 0.7997 0.7995 0.7996 0.7998 0.7999
From the above two tables, it can be seen that the heat pipe region extended to the 
canister after both a half year and one year. Also, from Table 4.11, it was clear that the 
temperature near the canister did not change significantly with an increase in time. The 
maximum tem perature remained close to the boiling point in both the cases. The extent of 
the heat pipe region changed significantly with an increase in the time period. For the half 
year case, it was 1.5 meters, while for the one year case, it was 2.44 meters. This shows a 
60 percent increase in the length of the heat pipe region. The length of the heat pipe region 
is about 3 meters for a one year simulation of the linear model for the liquid in fractures 
mobile [Preuss, 1990]. The temperatures and the heat pipe region can be seen in Figures 
4.9 and 4.12 for the two time periods simulated. The persistence of the tem perature at 
boiling point values creates two phase flow conditions near the canister. Therefore, there
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is 110 dryout region. The saturation values show a decrease with distance. The variation of 
the liquid saturation in the prismoid case is very low, as can be seen in Figures 4.10 and 
4.13. The saturation profile for the prismoid case is similar to that obtained by Preussetal. 
(1990). The capillary pressures also show only small changes in the prismoid case. This can 
be seen in Figures 4.11 and 4.14. This difference in the prismoid and parallel plate fracture 
cases may be because of the large angle of the prism which does not facilitate transport of 
the liquid into the fracture. Therefore, the saturation differences are very low because of 
low mobility in the fractures. But, the major difference between the two models is that, 
the prismoid model exhibited mobile conditions even for a fracture saturation less than one 
percent.
4.3.3 Cylinder Fracture Model
The simulation conditions for the cylinder model were different from the previous two 
models, because, the initial conditions were different. An almost fully saturated m atrix was 
assumed in order to get a minimum fracture saturation, unlike the previous cases where a 
matrix saturation of 80 percent resulted in a fracture minimum saturation. The following 
two tables give the results of the simulation. Table 4.13 gives temperature at different 
distances. Table 4.14 gives liquid saturations at various distances from the heat source.
Table 4.13: Temperature Profile at different times for the Cylinder Model
Time Temperatures at c ifferent distances from the heat source
.02 m .58 m .72 m .88 m 1.05 m 1.26 m 1.5 m 1.77 m
186 days 130.5 103.2 102.4 101.8 101.3 100.9 100.4 93.54
366 days 130.7 103.5 102.8 102.2 101.8 101.3 101.0 99.83
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T able 4.14: Liquid Satu ration  Profile at different tim es for C ylinder M odel
Time Saturation at different distances from the heat source
.02 m .055 m .116 m .186 m .266 m .358 m 1.27 m 2.44 m
186 days 0.0 0.4513 0.6273 0.7602 0.8446 0.9003 .9994 0.9995
366 days 0.0 0.4175 0.6094 0.7507 0.8391 0.8969 0.9994 0.9995
The results of the cylinder model show that the tem perature near the canister did not 
change significantly between a half year and one year. The difference was only 0.2°C, as 
can be seen in Table 4.13. Also, there is a increase in the length of the heat pipe region 
between the two times. In the half year case, the length of the heat pipe was 0.9‘2 meters 
where as for the one year case, the heat pipe length increased to 1.19 meters. This can be 
seen in Figures 4.15 and 4.17 for the two time periods simulated. Also, the low equilibrium 
capillary pressure was not able to cause any mobility in the fracture. From table 4.14, we 
can see that there is a dryout region near the canister in both the cases. The dryout region 
may be because there is no mobility of liquid in the fracture. But, there are no significant 
differences in the saturation distribution in both the cases as can be seen in Figures 4.16 
and 4.18 respectively. Another reason for immobile conditions in the fracture may be the 
low initial capillary pressure. The capillary pressure does not change much for the two time 
periods simulated.
The most im portant result of this simulation is that the m atrix fracture system does not 
reach equilibrium. The system did not reach equilibrium because, the capillary pressure 
in the far elements of the system were also not equal to the initial capillary pressure. 
Equilibrium may have been attained if the model was simulated for a longer time, but this 
was not possible due to computer time constraints.
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Figure 4.13: Liquid Saturation Profile after one year for Prismoid Model.
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Chapter 5
EFFECTIVE CONTINUUM  
SIMULATION - I
In this section different physical configurations are simulated using an effective continuum 
model of the flow in the fracture-matrix system. The first configuration is of a canister 
emplaced in tuff material. The second configuration is of a canister placed in a tunnel filled 
with backfill material and surrounded by tuff. This configuration will be examined in the 
next chapter.
5.1 G eneral M od eling  C onsiderations
Both of these physical configurations consist of a canister surrounded by tuff. The tuff rock 
is assumed to consist of a fixed number of fractures and a matrix. In this simulation, the 
fracture matrix system within the tuff is treated as an effective continuum , assumed to be 
at equilibrium locally a t all times. Instead of using two sets of variables, one set for the 
fracture and one set for the matrix, a system can be treated as ’effective continuum’, and
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one set of variables can be used. The capillary pressure and relative permeability functions 
for the tuff are then derived based upon this effective continuum approach.
The following equations represent the effective continuum approach. The volume of the 
system is given as
V = Vm + Vf  (5.1)
where Vj is the volume of the fractures, and Vm is the volume of the matrix. If the porosities
of the fracture and matrix are represented by 4>j and <f>m, then the equivalent continuum
porosities are
<t>m=<t>rjy (5.2)
<£/ = <t>'fY (5.3)
Using the above equations, the effective continuum liquid saturation can be obtained 
using the relation
c _  +  S l j j f V f  /e. ^
%  “  " 1 a T W “  ( }
Assuming local equilibrium of the capillary pressures in the fracture and in the matrix leads 
to a second relation between the liquid saturation in the fracture and in the matrix.
P s j ( S l j )  =  Ps,m(Si,m) (5.5)
where Psj  and Ps<m are the equilibrium capillary pressures in the fracture and matrix, 
and S i j  and are the liquid saturations in the fracture and matrix respectively. Given 
a continuum liquid saturation, the Newton Rhapson iterative technique has been used to
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simultaneously solve eqns. 5.4 and 5.5 for the fracture and matrix liquid saturations. The 
continuum capillary pressure is then determined.
The permeability of the effective continuum is calculated using the effective continuum 
relation. The fracture matrix system is assumed to consist of a number of fractures. The 
fractures can be assumed to be of any shape. The flow through each fracture is given by 
Q'j. The flow per unit area of the fracture can be calculated by the relation
t
q j = Q f / A f  (5.6)
where qj  is the flow per unit area of the fracture and Aj  is the area of the fracture. 
Using Darcy’s law,
/ i dh .
„  = - k , Tx  (5.7)
where K'j is the hydraulic conductivity of the fracture, and ^  is the head gradient. The 
hydraulic conductivity can be rewritten as
k'j being the intrinsic permeability for each fracture. Defining the number of fractures 
in the system as m, and the porosity of the fracture system as <j>f,
A f Vf
<t>f = = y  (5-9)
where A and V  are the cross sectional area and volume of the system respectively. The
7 3
above equation can be rewritten as
. 4
™ -  <Pj-rr (5.10)
Af
The flow in the fractures qj can be written as
v t .11
qj — mQ j  — m A jq j  (5.11)
Substituting for m  and q'j in the above equation,
, A . t - p g k t d h  —pgkrdh
where kj  is the overall intrinsic fracture permeability.
Cancelling out terms, the above equation reduces to
<j>jk'f  = k f  (5.13)
The absolute and relative permeabilities for the system can be calculated using the 
following relations.
k = km + kj  (5.14)
where k is the absolute permeability of the system. But, since the matrix permeability 
is typically very small compared to the fracture permeability, it is usually ignored. The 
relative permeability is
i   kmkT m -\-kjkTtj
kr ~ km + k j  (5’15)
where km and kj  are the equivalent single phase continuum permeabilities of the fracture and
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m atrix, and kr m̂ and k rj  are the corresponding relative permeabilities for the r phase, which 
may be liquid or gas. The plots for the capillary pressure and relative permeability functions 
as functions of saturation are given in Fig’s 5.2 and 5.3 for the linear model and in Fig’s 5.4 
and 5.5 for the prismoid model. For the cylinder model simulation, the capillary pressure 
function of the linear model was used and the cylinder relative permeability function was 
used. Therefore, only the relative permeability function plot for the cylinder is given in Fig 
5.6.
For the matrix, the Sandia relative permeability and capillary pressure functions eqs. 
4.5 and 4.2 were used. For the fractures, the linear function, the prismoid function and 
the cylinder relative permeability and capillary pressure functions were used. All these 
functions are described in detail in the previous chapter. The reference properities for the 
tuff matrix are given in Table 5.1 and for the fracture in the tuff in Table 5.2.
Table 5.1: Reference Properities for the Tuff Matrix
Material Properties Tuff
Density 2580 kg/m a
Continuum Porosity .983
Continuum Permeability 3.2e-16
Saturated Heat Conductivity 1.8 W /m °C
Specific Heat 768.8 3/kg°C
The initial conditions for this system were the same as used for the discrete fracture 
modeling. The tuff rock is assumed to be initially in equilibrium. The initial pressure is 
atmospheric and the initial tem perture is assumed to be room temperature. The conditions 
for the three fracture models are the same as used in the discrete fracture Case. For example, 
for the linear function , liquid in the fracture is immobile for a saturation less than 5;,r . For
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Table 5.2: Reference Properities for the Tuff Fractures
Material Properties Parallel plate Prismoid Cylinder
Porosity .9 .9 .9
Continuum Permeability l.le-10 5.5e-ll 5.5e-ll
Saturated Heat Conductivity 1.8 W /m °C 1.8 W / m ° C 1.8 W /m °C
Specific Heat 768.8 J /kg°C 768.8 J /kg°C 768.8 J /kg°C
Continuum Porosity .017 .017 .017
the prismoid and cylinder cases, liquid is mobile for all values of the saturation as shown in 
Tables 4.5 and 4.6 respectively.
5.2 C anister in Tuff
In this section, a physical situation involving emplacing a series of canisters in tuff material 
at a spacing of 26 meters was simulated. The physical situation simulated is shown in 
Fig 5.1. The system consists of a canister which is the heat source and the tuff material 
consisting of matrix and fractures. Since the system is symmetrical, the vertical boundary 
conditions are no heat or mass flux. The top and bottom boundary conditions are constant 
tem perature. The boundary elements had the same properities as the tuff material. The 
element volumes for the top and bottom boundaries were made very large and their heat 
capacity was made large in comparison to the tuff to maintain constant tem perature and 
pressure conditions.
Two types of mass boundary conditions were used, on the top and bottom  boundaries. 
For the first case, Case 1, the top and bottom boundaries were made zero permeability. 
This was to create no mass flux conditions on the boundary. For the second case, Case 
2, the top boundary was made a no mass flux boundary. The bottom  boundary had the
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same permeability as the tuff material. The bottom boundary elements were almost fully 
saturated so as to represent real conditions, i.e the bottom boundary represents the water 
table. Thus, in this case, the top boundary was constant temperature and no mass flux, 
while the bottom boundary was constant tem perature with mass flux.
From Fig 5.1, it can be seen that the canister has been placed horizontally, so the figure 
shows only the cross section of the canister. In order to simulate a system of unit length, the 
heat released by the canister has been divided by a factor of 4.5, the length of the canister. 
Also, since the system is symmetrical, only half the system is being modeled. Therefore, 
the heat has to be divided by a factor of 2. The heat is thus scaled down by a factor of 9, 
and the resulting heat released by the source is about 334 watts.
5.2.1 Results
In the first set of simulations, the linear fracture function and the Sandia function for 
the matrix were used and the effective continuum functions were derived. Two boundary 
condition variations, Case 1 and Case 2 were simulated. The time period of the simulation 
was 2.4 years. The results of the simulations are shown in the contour plots Fig’s 5.7 and 
5.8 which give the tem perature profiles for the simulations. The saturation values varied 
around 0.8 in the elements near the heat source. The saturation contours were not plotted.
The results of the two simulations did not show much difference. This can be seen in 
the contours. A heat pipe region was found to develop near the canister. The length of 
the heat pipe region in the vertical direction was about 7.12 meters for both the simula­
tions. The temperatures in the near field of the canister ranged around 100°C. The only 
difference between the two simulations was near the boundary elements. Because, the lower 
boundary was saturated in the second case, the near field of the lower boundary showed
higher saturations than in the first case.
In the second set of simulations, the prismoid model was incorporated into the effective 
continuum approximation to represent the tuff system. As in the previous simulation, two 
cases involving variation of the boundary conditions were simulated. The results of the 
temperature profiles for Case 1 and Case 2 are plotted in Fig’s 5.9 and 5.10. The time 
periods simulated for the prismoid case was also 2.4 years. This was done for purposes of 
comparison. In the prismoid simulation, for both the cases, a heat pipe region was found 
to develop in the elements near the heat source. The tem perature near the canister was 
102.5°C for the prismoid , while it was 100.4°C for the linear fracture model, for Case 1. 
The length of the heat pipe region for the prismoid case was also 7.12 meters, as in the 
parallel plate model. For Case 2 also, the prismoid simulation showed a heat pipe region 
of 7.12 meters. The tem perature near the canister was again 102.5°C for the prismoid case 
while it was 100.4°C for the linear model. For this case again, the near field of the boundary 
showed higher saturations. Thus between the prismoid and linear models, no significant 
differences appeared in the tem perature and saturation fields.
The third set of simulations was the cylinder simulations. The cylinder model was 
incorporated into the effective continuum approximation. However, convergence problems 
were experienced with the capillary pressure function. So, the linear model was used for the 
capillary pressure function and the cylinder relative permeability function was used. This 
set of simulations thus tested the effect of the non-linear cylinder relative permeability on 
the system behavior.
The cylinder simulations used the same boundary condition variations as the previous 
cases. The time simulated was 2.4 years. The results showed that, for the canister in tuff,
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the cylinder and parallel plate relative permeability functions gave similar results. This can 
be seen in contour plots Fig’s 5.11 and 5.12. The length of the heat pipe region was 7.12 
meters for Case 1 simulation using all the three fracture models. For the Case 2 simulation 
too, the same heat pipe region resulted for all the three models. But, in both Case 1 and 
Case 2, the cylinder showed a constant temperature of 100. l°C  in the heat pipe. This was 
unlike the other two models which showed a slight variation in temperatures in the heat pipe 
region. The liquid saturation variation was very small except for the boundary elements in 
Case 2 which showed higher saturations. This is similar to the parallel plate and prismoid 
model simulations.
It can be concluded tha t, for the canister in tuff simulations, the type of model used did 
not have any significant effect on the simulation results.
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Figure 5.1: Canister emplaced in tuff
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EFFECTIVE CONTINUUM  
SIMULATION - II
In this section, a physical system involving emplacement of the canister in a  tunnel filled 
with backfill material will be simulated. The backfill material is surrounded by tuff rock as 
shown in the figure.
6.1 C anister in  Tunnel
In this section, a more realistic physical configuration will be examined. Accoring to  the 
“Multi-Purpose Canister (MPC) Implementation Program Conceptual Design Phase Report 
(Preliminary Draft)” of the Department of Energy, this configuration involves placing the 
canister in a tunnel of diameter 7.8 meters. The tunnel is filled with backfill material 
comprised of ground up tuffaceous rock. The tunnel is a t a distance of about 309 meters 
below the ground surface and at about 600 meters from the water table. The center to 
center distance between two tunnels is about 26 meters. This design is only preliminary.
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The physical system is shown in Fig 6.1. The boundary conditions for this simulation are 
the same as for the canister in tuff simulation. Again, Case 1 involved boundary conditions 
wherein the top and bottom boundaries were no mass flux boundaries, and Case 2 involved 
boundary conditions wherein the top boundary was a no mass flux boundary, and the 
bottom boundary was permeable and saturated.
For the backfill material, capillary pressure and relative permeability functions given by 
Fait and Klikoff. (1959), and reported by A'. Udell. (1982), were used. The backfill material 
is ground up tuff and has the same basic properities as tuff. The reference properties used 
for the backfill material are given in Table 6.1 below.
Table 6.1: Reference Properities for Backfill Material
Material Properties Backfill
Density 2580 kg/m 3
Porosity 0.4
Permeability l.e-11
Saturated Heat Conductivity 1.8 W / m ° C
Specific Heat 768.8 J /kg°C
The functions used for the backfill material are
5  =  0 f o r  Si,b < Sir,b (6.1)
5 = Sy  f o r  s  b > S  (6.2)
1- - Olr,b
f  = 1.417 x (1. -  5) -  2.120 x (1. -  S ) 2 +  1.263 x (1. -  5 )3 (6.3)
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Then, the surface tension of water is calculated using the relation
<7 = 0 f o r  T  > 374.15°C (6.4)
1 0.625 x (374.15 -  T)
< T = L ------------- 6471----------  ,6 '5)
o = cr x 72358 x ( (374' ^  r ) )‘ (6. 6)647.3
The capillary pressure is calculated using the relation
pc = -Po  x a  x /  (6.7)
The relative permeability function used for the backfill material is given below.
fc/,6 = 0 f o r  S i t  < Sir.b (6.8)
. kitb = S 3 f o r  Si,b > SiT,b (6.9)
k3,b = ( l . - S ) 3 (6.10)
As in the discrete fracture modeling, the fracture matrix system was assumed to be 80 
percent saturated. The capillary pressure of the tuff system was obtained for this satura­
tion. The capillary pressure of the fracture matrix system was then equated to the backfill
material capillary pressure using the Newton Rhapson technique. The various terms are 
defined in Table 6.2.
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Table 6.2: Parameters for the Backfill Material
Parameter Symbol Numerical Value
Scaled Liquid saturation 5 0
Liquid Saturation in Backfill Sl, 6 0.1499
Irreducible Liquid Saturation Slr,b 0.15
Surface Tension a 7.18 N/m
Reference Saturation Pressure Po 2.58 x 107P a
Initial Temperature T ■26°C
Simulations were carried out using the three fracture models. For each model, the 
boundary conditions were varied and two simulations were done.
6.1.1 Results
In the first set of simulations, linear functions were used for the fracture. The top and 
bottom  boundaries were no mass flux boundaries. But, due to severe time step compression, 
and convergence problems, the permeability was taken instead as 3.2 x 10-16. The simulation 
was carried out for a year. For Case 2, the simulation could not be carried out due to time 
step compression and nonconvergence. Only, the results of the Case 1 simulation have been 
taken. Fig 6.2 is the contour plot of the tem perature profile of the Case 1 simulation. This 
is a regular profile and shows that the tem perature values near the canister are near 200°C. 
There is a dryout region near the canister. The length of the dryout region is about 4 
meters. Fig 6.3 is the contour plot of the saturations in the near field. The saturations 
were found to increase away from the canister. The saturation values near the canister 
were in the ranges of 0.0, 0.15, and 0.7. The first two values were in the backfill material 
while the third saturation value was in the tuff. The saturation in the backfill was thus 
very low, while in the tuff, it was almost uniform. This is because the temperatures in the
9 5
tunnel were very high. In the tuff material, the temperatures were very low, the maximum 
tem perature being around 75°C.
In the second set of simulations, the prismoid function was used for the tuff material. 
The boundary conditions were varied for the simulations. The results of the simulation 
using Case 1 conditions are given in the contour plots Fig 6.4 and Fig 6.5 respectively. For 
Case 1, the temperatures were very high in the backfill region. The dryout region was about 
3 meters. This is in contrast to the linear function where the dryout region was 4 meters. 
The maximum temperature for both these functions was around 200°C. The variation in 
the tem perature was not significant. The temperatures in the tuff region were very low and 
ranged around 75°C. The saturations also were in the range of 0.0, 0.15, and 0.8.
For the prismoid simulation for Case 2, the behavior of the system was similar to the 
linear function simulation and the prismoid function for Case 1. The tem perature and 
saturation profiles are shown in Fig’s 6.6 and 6.7. The maximum tem perature in this case 
is also around 200°C. The dryout region in this case is about 3 meters. This is similar 
to the prismoid for Case 1. The saturation field is in the range 0.0, 0.15, and 0.8 and is 
similar to the prismoid simulation for Case 1. The only difference is in the saturation of 
the boundary elements.
The cylinder relative permeability function had a different effect on the tunnel-tuff 
system than the linear and prismoid models as shown in Fig 6.8. The maximum tem perature 
near the canister was 143°C for the Case 1 simulation. This was at least 55°C less than 
the canister tem perature for the other two models. The saturation values ranged between
0.16, and 0.17 in the near region of the canister and were around 0.7 near the boundaries as 
shown in Fig 6.9. The significant difference in the saturation profiles between the cylinder
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and the other models was the extent of the dryout region. These may be because of the 
cylinder relative permeability which is non linear. The relative permeability values for a 
given saturation are lesser for the cylinder function than the other two functions. The lower 
tem peratures are a result of the lower saturations. The Case 2 simulation failed due to 
nonconvergence. The linear model Case 2 simulation also failed for similar regions.
The cylinder relative permeability function gave similar results as the other two functions 
for the canister in tuff simulation, but for the canister in backfill simulation, it gave different 
results.
In conclusion, the effect of the capillary pressure and relative permeability functions on 
the tem perature and saturation fields could be found only in the tunnel region.
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CONCLUSIONS AND  
RECOMMENDATIONS
The main intent of this thesis project was to study the effect of different capillary pressure 
and relative permeability models on canister emplacement. Capillary pressure and rela­
tive permeability models were derived based on fracture geometries. Two models, namely 
prismoid fracture model and cylinder fracture model were used for deriving the functions. 
These models were tested on various canister emplacement systems. The effect of these 
models on the thermal and saturation fields was examined. In this process some interesting 
observations were made. Some of the results are described below.
The type of fracture model used and the physical condition simulated had an impact 
on the thermal and saturation fields. The three models used, namely the prismoid model, 
the linear model and the cylinder model gave different results for the various simulations. 
Also, the physical conditions simulated namely, discrete fracture simulation, canister in tuff 
simulation and canister in backfill simulation gave different results.
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The prismoid relative permeability function was linear. The cylinder relative perme­
ability was non linear. This difference produced different thermal and saturation fields.
The fluid in the fracture was mobile for all values of liquid saturation in the prismoid and 
cylinder models. In the linear fracture model used in previous studies liquid in the fracture 
was mobile only for saturation values above one percent. The only difference between the 
prismoid and linear relative permeability functions was thus the minimum saturation for 
mobility. Thus, the thermal and saturation fields using these two models were similar. The 
prismoid model also gives a geometric basis for the linear relative permeability function.
For the discrete fracture simulation, the prismoid model gave temperatures of about 
100°C near the heat source. The linear model gave similar results. There was no dryout 
region. This was to be expected because the relative permeability functions were both 
linear. The saturation fields were also similar.
The cylinder model gave higher temperatures near the heat source when compared 
to the other models. The maximum tem perature was about 140°C. There was also a 
dryout region. The reasons for this difference are two. First, the cylinder model relative 
permeability function was non linear unlike the other models which had linear relative 
permeability functions. Also, the cylinder simulation assumed an almost fully saturated 
m atrix unlike the linear and prismoid simulations which assumed a 80 percent saturated 
matrix.
For the canister in tuff simulation, the type of fracture model used did not have an effect 
on the simulation results. The two boundary conditions simulated, i.e no mass transfer 
across the boundaries in the first case, and no mass transfer in the top boundary, and the 
bottom boundary saturated in the second case did not have any effect on the simulation
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results.
For the canister in backfill simulation, the effect of the fracture models was felt only in 
the backfill region. Higher temperatures occurred in the backfill while the tuff remained 
relatively cool. The linear and prismoid models gave very high tem peratures of around 
200°C near the heat source. There were dryout regions for these models.
For the cylinder model, the dryout region was smaller than for the other models. The 
maximum temperature for the cylinder model was about 140°C. This was significantly 
lower than the other models.
From the simulations done, it can be seen that the relative permeability plays an im­
portant role in the simulation results for different models. Therefore, experimental work 
needs to be done to validate the simulation results. Also, the canister in backfill region gave 
very high temperatures in the backfill. For simulations of about fifty years, the maximum 
tem perature crossed the peak value of 375°C . Thus, placing the canister in backfill does 
not seem to be a very feasible idea.
There are many avenues of research in this area. First, a more realistic fracture matrix 
system which is heterogeneous could be simulated. Second, different types of boundary 
conditions could be used. Third, different conceptual models could be used which could 
give more realistic results and could save computer time. Finally, experimental work could 
be carried out to see which model simulates reality more closely.
APPENDIX A
This appendix gives the governing equations of the TOUGH code. This section has been 
reproduced almost verbatim from the ’’TOUGH Users Guide” and from the thesis of Martin 
Joseph (1992).
The governing flow equations used in TOUGH [Pruess, 1987] are similar to those used 
in modeling geothermal reservoirs. The governing mass conservation equation of water can 
be written as:
4- [ Mw dv = [  F1" • nd T + f  qw dv U  -  1)
ot Jvn Jr„ Jr„
where M w is the mass of water per unit volume in the integrated finite-difference grid 
block, Vn is the volume of the grid block, Fw is the mass flux of water out the grid block, 
is the surface area of a grid block, n is an outward pointing unit normal vector, and 
qw is the mass production of water per unit volume. Note that the water is stored in both 
liquid and gas phases in the above equation. The mass of water per unit volume is, therefore,
Mw = (S, Pl A7 + Sg Pg Xg) ( A - 2 )
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where $  is the matrix porosity. 5/ is the liquid saturation, pi is the liquid density, X /"
is the mass fraction of the water in the liquid, Sg is the gas saturation (1-5/), pg is the gas
density, and X™ is the mass fraction of water in the gas.
A set of equations, similar to the ones for water, can be written for air:
4 - [  M a d v =  f  F a - n d T +  [  qa dv ( A -  3)ot Jvn Jr n Jvn
M a =  (S, p, X f  + Sg Pg X g )  (A  -  4)
where M a is the mass of air per unit volume in a  grid block, F a is the mass flux of air out
the grid block, qa is the mass production of air per unit volume, X f  is the mass fraction of 
air in the liquid and X f  is the mass fraction of air in the gas.
The mass flux for the air or water component is simply the sum of the mass fluxes of a 
component over both phases. For water the mass flux is:
F w =
and for air:
{A -  5)
F a =  Ff  +  Ff (A -  6)
I l l
where F f  is the mass flux of water in the liquid phase. F w is the mass flux of water in the 
gas phase. Ff  is the mass flux of air in the liquid phase, and Ff  is the mass flux of air in 
the gas phase. The mass flux of each component in a phase is governed by Darcy’s law and 
gaseous diffusion. The four equations are:
F?  = - k  Pl X T  iVPi ~ Pi 9) (A -  7)
Pi
F t  = - k  ^  Pl X f  ( v f i  -  Pig)  (> 1 -8 )
Pl 
F? = - k  ^  Pg X T  ( v 7  -  P 3 9 )  ~ D va pg v i ; i  (A -  9)
P a
and
F; =  - k  ^  Pg X f  (V7, -  Pg g )  -  Dva Pg V X f  (A -  10)
P g
where k is the porous medium permeability in the direction of n, ^Y/ is the liquid relative 
permeability. k rg is the gas relative permeability /*/ is the liquid dynamic viscosity, p.g is 
the gas dynamic. Pi is the liquid pressure, Pg is the gas pressure, g is the acceleration of 
gravity and D va is the binary diffusion coefficient for air-water vapor mixtures. TOUGH 
cannot handle the off-diagonal terms of the permeability tensor. Further, the code allows 
only functions to determine the relationship between relative permeability and saturation,
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and contains a library of functions for these in one of its subroutines. The solubility of air 
in water is governed by Henry’s law:
P MW
A? = -p- U - I U
Kk  -V/I'V.u
where Pa is the air partial pressure. A’/, is Henry's constant. M W a is the molecular 
weight of air, and M W w is the molecular weight of water. The binary diffusion coefficient 
is dependent on both temperature and pressure and is written:
_ . r D va rr - 273.151TI , ,D va -  r o S 3 [ 273 15 j (A 12)
where t  is tortuosity. T is the temperature, and -D°a and rj are parameters which have 
values of 2.13 x 10-5 m 2/s  and 1.80. respectively, for a pressure of one bar and a tem perature 
of 0°C. Partial pressures are assumed to be additive to determine the gas pressure:
Pg = Pa + PL, ( A - 1 3 )
where Pa is the air partial pressure and Pv is the vapor partial pressure.
The energy conservation equation can be written in an integral form similar to the air 
and water conservation equations. The energy equation is:
4 - /  F h ■ n dT + [  qh dr (A -  14)
ot Jv„ A'n
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where M k is the amount of heat per unit volume in an integrated finite difference grid block. 
F n is the heat flux out of the grid block, and qn is the amount of heat produced per unit 
volume of grid block. The heat term contains contributions from both the rock, liquid, and 
vapor:
\ l h = (1 -  o) p r  cT T  +  O  { S i  P i  Ul T S g  P g  Ug ) (A -  15)
ui is the specific internal energy of the liquid, and ug is the specific internal energy of the
gas. The heat flux term consists of conductive and convective parts:
F h = -A ' V  i  + h f  F f  +  hf F t + hg F f  +  hag F f  (A -  16)
where K is the thermal conductivity of the rock-fluid mixture, h f  is the specific enthalpy
of water in the liquid phase, hf  is the specific enthalpy of air in the liquid phase, h f  is the 
specific enthalpy of water in the gas phase, and hag is the specific enthalpy of air in the 
gas phase. The thermal conductivity model, selected by the user, is allowed to vary with 
saturation by either of the following equations:
A =  A ̂ j.y 4" \Z5/( A iuet ~ Adry ) (A 11)
and
A = h<iry -j- Si ( A„.et A./ry ) (A 18)
where K.jry is the thermal conductivity of the totally dry porous medium and K wet is 
the thermal conductivity of the fully saturated porous medium.
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The above equations are recast into an integrated finite-difference form for solution. 
The integrated finite-differenc method employed in TOUGH is general. It can be used to 
solve problems in one, two or three dimensions and Cartesian or axisymmetric geometries. 
Because of these general method, the TOUGH code requires volumes for the grid blocks, 
distances between the grid blocks, and interfacial areas between the grid blocks as input 
data instead of grid-block spacings that might be required by finite-element or node-centered 
finite-difference codes. Because of its generality, TOUGH is not limited to rectangular or 
rectangular-parallelopiped grid blocks. The grid blocks can be any shape such as pentagons 
or tetrahedrons, but the aspect ratio must not be extreme. TOUGH handles several types 
of boundary conditions. If a grid block edge is not connected to another grid block, then 
that edge becomes a zero flux boundary condition for all the dependent variables. If a 
grid block is assigned an extremely large volume relative to other grid blocks, then the 
dependent variables are essentially fixed with respect to time. Time varying flux boundary 
conditions can be implemebted by using the time-varying source/sink capability in TOUGH.
APPENDIX B
The capillary pressure and relative permeability functions as incorporated into the TOUGH 
code are given below. They are
R ela tive  P erm eab ility  - P rism oid
18 continue
if (si .ge. rp(l,nm at)) then 
repl=1.0
elseif (si .le. rp(2,nmat)) then
repl=0.0
else
repl=rp(3,nm at)+rp(4,nm at)*sl
endif
repg=1.0-repl
return
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R ela tive  P erm eab ility  - C ylinder
19 continue
if (si .ge. rp (l,nm at)) then 
repl=1.0
elseif (si .le. rp(‘2,nmat)) then
repl=0.0
else
alp=3.0
pi=4.*atan(1.0)
do 110 kk= l,50
top=(( alp-sin(alp)) /  pi)-sl
bot=(l.-cos(alp))/p i
alpn=alp-(top/bot)
if (abs(alpn-alp) .le. l.e-6) go to 120
alp=alpn
110 continue
stop
1‘20 repl=(sl**2)*((pi/alpn)**2) 
endif
repg=l.-repl
return
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C apillary P ressure - Prism oid
18 continue
if (si .le. cp(l,nm at)) then
pc=-cp(2,nmat)
elseif (si .ge. cp(3,nmat)) then
pc=0.0
else
pc=-cp(4,nm at)/sqrt(sl)
endif
return
C apillary P ressure - C ylinder
19 continue
if (si .le. cp(l,nm at)) then
pc=-cp(2,nmat)
return
elseif (si .ge. cp(3,nm at)) then
pc=0.0
return
endif
alp=3.0
pi=4.*atan(1.0) 
do 95 kk=l,50
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top=( (alp-sin( alp) )/pi )-sl
bot = ( l.-cos(alp))/pi
alpn=alp-( top/bot)
if (abs(alpn-alp) .le. l.e-6) go to 70
alp=alpn
95 continue
70 pc=-cp(4,nmat)*sin(cp(5,nmat )+ (a lpn /‘2. ))/sin(alpn/2.) 
return
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